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Abstract
The recovery of rare earth elements (REEs) from NdFeB magnets is essential for securing sustainable supply chains for 
critical materials. In this study, the leaching behavior of Nd, Pr, and Dy was comparatively evaluated using five organic 
acids (citric, malic, tartaric, oxalic, and acetic acids) under identical experimental conditions. Citric acid demonstrated the 
highest leaching efficiency and was selected for further process optimization. A design of experiments (DoE) approach was 
applied to assess the combined effects of solid-to-liquid ratio, temperature, and time at a fixed citric acid concentration of 1.5 
mol L−1, revealing a multidimensional operational window capable of achieving high REE solubilization rather than a single 
optimum condition. Two purification strategies were subsequently investigated: solvent extraction using di(2-ethylhexyl)
phosphoric acid (D2EHPA), yielding a 99.3% pure REE product, and an oxidative precipitation route based on in situ oxalic 
acid formation, achieving 95.7% purity with reduced process complexity.
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Introduction

The global transition toward a low-carbon economy rests 
on a persistent contradiction. Specifically, the recovery of 
rare earth elements (REEs), which are essential for electric 
mobility and wind energy generation, still relies predomi-
nantly on hydrometallurgical routes based on mineral acids 
[1]. Although effective, these reagents produce hazardous 
waste and require high chemical consumption. This results 
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in environmental impacts that contradict the eco-friendly 
principles expected from green technologies [2]. In addition, 
the primary supply of REEs is geographically concentrated, 
posing risks to global supply security [3] and often linked 
to considerable environmental burden, including radioactive 
waste generation and high water consumption [4].

In this context, recycling is no longer merely an environ-
mentally favorable option but has become a strategic neces-
sity. Urban mining offers a secondary source of REEs with 
concentrations significantly higher than those found in pri-
mary ores [5, 6]. Unlike conventional mining, where metals 
are dispersed within mineral matrices, electronic waste can 
present concentrations up to ten times higher [7, 8]. Among 
these residues, NdFeB magnets stand out due to their high 
content of Nd, Pr, and Dy embedded in a well-defined metal-
lic structure, which facilitates their recovery through hydro-
metallurgical routes [9, 10].

Despite the high extraction efficiencies achieved with 
mineral acids such as H2SO4, HNO3, and HCl, the high reac-
tivity and limited selectivity of these agents compromise 
the overall sustainability balance of the process [1, 11]. In 
this scenario, organic acids have emerged as potential alter-
natives, operating through dissociation and complexation 
mechanisms that may enable a more controlled leaching of 
REEs [12, 13]. Compounds such as citric [10], malic [12], 
tartaric [14], oxalic [15], and acetic [16] acids have been 
individually investigated, demonstrating promising results 
under various experimental conditions. However, compara-
tive assessments of different organic acids under equivalent 
operational parameters remain limited, making direct com-
parison of their performance and selection of the most suit-
able lixiviant challenging.

To address this knowledge gap, the present work aimed 
to develop and optimize a hydrometallurgical route for 
REE recovery from NdFeB permanent magnets through the 
comparative evaluation of five organic acids (citric, malic, 
tartaric, oxalic, and acetic acids). Initially, a systematic 
benchmarking study was conducted under identical experi-
mental conditions to identify the most promising lixiviant. 
Subsequently, a design of experiments (DoE) approach was 
applied to evaluate and optimize the combined effects of 
acid concentration, solid-to-liquid ratio, temperature, and 
leaching time. Finally, a downstream purification step was 
investigated to obtain a high-purity REE concentrate, con-
solidating an integrated organic-acid-based recovery route.

Materials and Methods

Sample Preparation

NdFeB magnets obtained from a Danish company, with 
dimensions of 2.0 × 2.0 mm, were used in this study. These 

magnets were not recovered from end-of-life products or 
industrial waste but were selected because their chemical 
composition is representative of NdFeB magnets commonly 
found in hard disk drives. The magnets were processed at 
the Industrial Material Recycling Group at Chalmers Uni-
versity of Technology (Sweden). The samples were ther-
mally demagnetized at 400 °C for 60 min in a muffle furnace 
(Entech, Sweden), then comminuted using a Vibratory Disc 
Mill RS 200 (Retsch) at 720 rpm for 90 s, and finally sieved 
to a particle size of < 500 µm.

Characterization

The chemical composition of the magnets was determined in 
triplicate by digesting the samples in aqua regia (HCl/HNO3, 
3:1 v/v – HCl: 37% w/w, Merck Millipore; HNO3: 69% w/w, 
Suprapur, Merck), at 22 ± 1 °C for 60 min to determine the 
chemical composition. The solutions obtained were filtered, 
diluted in HNO3 3%, and analyzed by inductively coupled 
plasma optical emission spectroscopy (ICP-OES). The crys-
talline phases of the material were obtained using X-ray dif-
fraction (XRD, D8 Discover, Bruker) with Cu Kα radiation 
(λ = 1.5418 Å) operating at 30 kV and 10 mA, 2θ° sweep 
from 20° to 80°, variation of 0.02° and speed of 2° min−1.

Evaluation of Leaching Agents

Acetic acid, citric acid, malic acid, oxalic acid, and tartaric 
acid were evaluated as leaching agents. The experiments 
were carried out in 100 mL glass beakers at 22 ± 1 °C under 
agitation (360 rpm). A total of 1.0 g of material was used 
in each experiment, and the solid-to-liquid (S/L) ratio was 
fixed at 1/30 g mL−1 [10]. Leaching was carried out at 2 h 
and 24 h, varying the acid concentrations according to their 
solubility limit [12, 17]. The leaching efficiency was calcu-
lated according to Eq. 1, where [M] is the concentration of 
the element in the liquor (mg L−1), Vl is the final volume (L), 
[E] is the concentration of the element in the material (wt%), 
and w0 is the initial sample (mg).

Design of Experiments

After identifying the acid with the best performance—citric 
acid—the leaching was optimized through a DoE approach 
using response surface methodology (RSM) to evaluate the 
effects of key variables. A faced-centered composite design 
(FCC) was used with three factors: leaching time (x1), S/L 
ratio (x2), and leaching temperature (x3). Their coded levels 
are presented in Table 1, where (−1) represents the lowest 

(1)L(%) =
[M].Vl

[E].w0

.
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value and (+1) the highest. A total of eighteen experiments 
(Appendix Table 8) were carried out in random order to 
minimize systematic errors and better simulate real condi-
tions. The central point (0, 0, 0) was replicated four times 
(experiments 9–12) to estimate the experimental error. The 
acid concentration was fixed at 1.5 mol L−1. Based on exper-
imental responses (leaching yield of each element), regres-
sion equations were constructed to model the process and to 
map the responses as a function of the independent variables 
within the investigated range, using the regression analysis 
tool in Microsoft Excel.

REE Separation

Solvent extraction (SX) and precipitation experiments were 
performed for the purification of REEs. The initial pH of the 
aqueous phase was adjusted to 3.1 ± 0.1 using 2.0 mol L−1 
H2SO4 or 5.0 mol L−1 NaOH and measured with a Radiom-
eter Analytical MeterLab pH meter. All experiments were 
carried out in triplicate.

Solvent Extraction

SX was evaluated for the separation of REEs. Di(2-ethyl-
hexyl)phosphoric acid (D2EHPA; 97%, Sigma-Aldrich) was 
selected for the SX experiments because it is one of the most 
widely applied extractants for REEs in the literature [18, 19]. 
The aqueous phases were prepared by diluting the extractant 
in Isopar-L (97%, Sigma-Aldrich) and tributyl phosphate 
(TBP, 3%, ExxonMobil). The extractant concentration 
(0.1–0.5 mol L−1), aqueous-to-organic phase ratio (A/O) 
(1.0–2.5), and contact time (5–30 min) were evaluated.

The experiments were performed in a 3.5 mL glass vial 
by combining equal volumes (1 mL) of the organic and 
aqueous phases. The mixtures were shaken (Vibrax® VXR 
Basic, IKA) at 1500 rpm and 22 °C ± 1 °C. After mix-
ing, the vials were centrifuged for 5 min (5000 rpm, Ohaus 
Frontier™ 5000 Series Multi Pro). The aqueous phases were 
collected, diluted in 3% HNO3, and analyzed by ICP-OES.

Extraction efficiency and metal selectivity were quantified 
through the distribution ratio ( Di ) and the separation factor 
(SF). The coefficient Di was calculated according to Eq. 2, 
using the equilibrium metal concentrations in the organic 

( [Mi]org ) and aqueous ( [Mi]aq ) phases. The separation factor 
(Eq. 3) was used to evaluate the selectivity of extraction of 
REEs relative to Fe, where Di and Dj represent the distribu-
tion ratios of metals i and j, respectively (Fe as j).

The stripping behavior of REEs was investigated using 
HCl as stripping agent, at concentrations ranging from 0.1 to 
0.7 mol L−1. The experiments were conducted following the 
same procedure described for the SX tests. In this case, the 
aqueous phase consisted of freshly prepared acid solutions, 
while the organic phase corresponded to the REE-loaded 
extract obtained from the SX stage. The stripping efficiency 
for each element was determined based on Eq. 4, using the 
concentration of metal in the aqueous phase after stripping 
(Cᵢ) and the initial concentration in the loaded organic phase.

Precipitation

As an alternative, precipitation experiments were performed 
in 50 mL beakers under agitation (200 rpm) at 22 °C ± 1 
°C for 10 min. H2O2 (PA grade, 52% w/w) was added at a 
liquid-to-liquid ratio of 1/10 to oxidize Fe2+ to Fe3+ and pro-
mote its selective precipitation. After the reaction time, the 
suspensions were filtered (55 mm Ø, qualitative filter paper, 
Circles, Whatman™). The filtrates were collected, diluted 
in 3% HNO3, and analyzed by ICP-OES. The powders were 
analyzed by XRD to identify their crystalline phases. The 
precipitation efficiency for each metal was calculated using 
Eq. 5, where Co and Ci represent the initial and final concen-
trations of the metal in solution, respectively.

Results and Discussion

Characterization

The elemental characterization of the magnets is presented 
in Table 2. The magnets were mainly composed of Fe (57.7% 
± 1.0), Nd (20.5% ± 0.5), and Pr (7.0% ± 0.4), as well as 

(2)Di =

(

[Mi]org

[Mi]aq

)

,

(3)SF i

j

=
Di

Dj

.

(4)Stripping(%) = 100

(

Co − Ci

Co

)

.

(5)Precipitation(%) =
Co − Ci

Co

.100.

Table 1   Coded levels of the independent variables (time, S/L ratio, 
and temperature)

Level

Factor −1 0 +1

x1 Time (h) 1 2 3
x2 S/L ratio 1/10 1/15 1/20
x3 Temperature (°C) 25 50 75
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B, Dy, Co, and Cu. Ni, originating from the coating layer, 
was also quantified at around 1.1% wt [20]. Although the 
magnets were not obtained from waste electronic devices, 
their composition is comparable to that of magnets typically 
used in hard disk drives [21], supporting the applicability 
of the proposed process to the recycling of such devices. 
The X-ray diffraction patterns of the magnets (Fig. 1) show 
characteristic phases of Nd2Fe14B [9], corroborating the 
chemical characterization.

REE Leaching

Choosing the Organic Acid

Leaching experiments were carried out using acetic acid, 
citric acid, malic acid, oxalic acid, and tartaric acid as leach-
ing agents. The time and concentration of the acid were 
evaluated while the S/L ratio was fixed at 1/30 at 22 ± 1 °C. 
Leaching efficiency of REE for (a) 2 h and (b) 24 h can be 
seen in Fig. 2.

The variation in acid concentration had no influence on 
the leaching of REEs, regardless of reaction time, for any of 
the leaching agents studied except for tartaric acid. However, 
by increasing the reaction time from 2 to 24 h, REE leaching 
using acetic, citric, and malic acid achieved approximately 
100% recovery at all concentrations. Tartaric acid changed 
its behavior after 24 h of leaching (Fig. 2b). At 0.25 mol L−1 
tartaric acid, 17.6% REE were leached; however, increasing 
the concentration to 1.0 mol L−1 reduced REE leaching to 

1.6%. This behavior may be associated with the formation 
of poorly soluble REE-tartrate species at higher tartaric acid 
concentrations, as reported in previous studies [14].

The interaction between tartaric acid and REEs is related 
to the presence of carboxylate groups capable of coordi-
nating metal ions. This interpretation is supported by Fou-
rier transform infrared (FTIR) spectroscopy analysis of the 
leaching residue (Fig. 3), which showed bands associated 
with carboxylate groups (1577 and 1409 cm−1) and REE-
oxygen interactions (655 cm−1), suggesting the presence of 
tartrate-related species in the solid phase. Tian et al. [22] 
studied REE leaching using HCl, evaluating selective leach-
ing using tartaric acid as a complexing agent. At concentra-
tions below 0.3 mol L−1, complexes with Fe were observed, 
enabling selective REE leaching. By increasing the tartaric 
acid concentration, REE leaching decreased due to the for-
mation of insoluble REE complexes. These findings indi-
cate that tartaric acid may act not only as a leaching agent 
but also as a complexing agent, influencing REE solubility 
depending on its concentration.

After 24 h of reaction, no measurable concentration of 
REEs was detected in the leachate, regardless of oxalic acid 
concentration or reaction time. Oxalic acid was selected 
based on literature reporting its potential for selective Fe 
leaching [23–25]. The absence of solubilized REEs is likely 
related to the low solubility of REE oxalates [26, 27], which 
may promote precipitation under the experimental condi-
tions, thereby limiting the concentration of REEs in solution. 
Furthermore, the formation of insoluble oxalate phases on 
the particle surface may have contributed to surface passiva-
tion, hindering further dissolution. Only about 1% of Fe was 
leached. Although acid availability at the applied S/L ratio 
(1/30) may also have influenced the extent of Fe solubiliza-
tion, an estimated oxalic acid concentration of approximately 
0.84 mol L−1 would be required to satisfy the stoichiometric 
demand, exceeding the concentrations investigated in this 
study.

Based on preliminary experiments, a correlation was 
observed between the time and the leaching rate. This 
observation is consistent with the findings reported by 
Niskanen et al. [28], who identified temperature/time and 
acid concentration/S/L ratio as compensatory variables in 
organic acid leaching systems. Such compensatory effects 
are closely related to the dissociation behavior of organic 
acids, which occurs gradually as ions become available for 
leaching, depending on their pKa values [13].

Table 2   Elemental composition of the magnet powder

Element Nd Fe B Pr Dy Co Cu Ni

wt (%) 20.5±0.5 57.7±1.0 1.8±0.1 7.0±0.4 0.3±0.1 0.9±0.1 0.7±0.1 1.1±0.1

Fig. 1   REE magnet X-ray diffraction pattern after demagnetization
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In this comparative evaluation, acetic, citric, and malic 
acids showed the highest REE leaching efficiencies under 
the investigated conditions, in agreement with previous stud-
ies [12, 29–32]. Seeking a viable and stable process, acetic 
acid was discarded due to post-leaching precipitation, with 
approximately 10% of REEs and Fe observed in the filtrate 
24 h after the experiments. Among the remaining acids, cit-
ric acid exhibited the lowest standard deviation among trip-
licates (< 2%), indicating higher reproducibility and greater 
process stability under the evaluated conditions. Therefore, 
considering leaching efficiency, citric acid was selected as 
the most suitable lixiviant for subsequent optimization and 
purification studies.

The leaching reactions of REEs with citric acid are shown 
in Eqs. 6, 7, 8, 9, 10, 11, and 12. Citric acid undergoes 

successive deprotonation steps (Eqs.  6, 7, 8) [33], and 
according to the speciation diagram (Appendix Fig. 7), 
H2Cit− is the predominant species at the liquor pH (3.1). 
Initially, REEs are dissolved by proton attack, generating 
RE3+ ions in solution (Eq. 9). Due to the presence of cit-
rate species, equilibrium complexation reactions may occur, 
resulting in the formation of soluble REE–citrate complexes 
(Eqs. 10, 11, 12). However, under the investigated pH condi-
tions (3.1), the lower availability of the fully deprotonated 
citrate species (Cit3−) limits complexation, and free REE 
ions coexist with partially complexed species in the leachate 
[12]. The complexation equations are presented as global 
equilibrium reactions and do not imply that Cit3− is the pre-
dominant free citrate species at pH 3.1.

(6)H3Cit(aq) + H2O ⇌ H2Cit
−
(aq)

+ H3O
+

(aq)
,

(7)H2Cit
−
(aq)

+ H2O ⇌ HCit2−
(aq)

+ H3O
+

(aq)
,

(8)HCit2−
(aq)

+ H2O ⇌ Cit3−
(aq)

+ H3O
+

(aq)
,

(9)2RE0
(s)

+ 6H3O
+

(aq)
⇌ 2RE3+

(aq)
+ 3H2(g) + 6H2O(l),

(10)RE3+
(aq)

+ Cit3−
(aq)

+ H3O
+

(aq)
⇌ REHCit+

(aq)
,

(11)RE3+
(aq)

+ 2Cit3−
(aq)

⇌ RE(Cit)3−
2(aq)

,

(12)RE3+
(aq)

+ 2Cit3−
(aq)

+ H3O
+

(aq)
⇌ RE(Cit)2−

2(aq)
.

Fig. 2   Leaching of REE using organic acids as leaching agents for a 2 h and b 24 h (S/L ratio of 1/30 at 25 °C)

Fig. 3   FTIR spectrum of the leaching residue obtained after tartaric 
acid leaching of NdFeB magnets
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DoE Leaching

The leaching responses of REEs (Nd, Pr, and Dy), Fe, Co, 
and B obtained from the experimental design are summa-
rized in Table 3. The REEs and Fe exhibited a variation 
in leaching efficiencies, ranging from 21.4% to complete 
leaching (100%). In contrast, B consistently presented the 
lowest leaching efficiency, varying only between 7.3% and 
50.3%.

Based on the responses, a multiple linear regression was 
performed to investigate the effects of time, S/L ratio, and 
temperature on the leaching efficiency. In this analysis, the 
error was partitioned into components for lack of fit and pure 
error to test the adequacy of the model formally. Appendix 
Table 9 presents the overall model results for the REEs and 
for the other elements (Fe and B).

The lack-of-fit test was significant for Nd and Dy 
(p < 0.05), suggesting that the model did not capture all the 
variability of the data for these elements [34]. Although the 
small pure error estimated from the quadruplicate experi-
ments may have contributed to the detection of statistically 
significant deviations [35, 36], this result represents a limita-
tion of the models and should be considered when interpret-
ing the predictions. Therefore, the Nd and Dy models should 
be regarded as empirical predictive models applicable within 
the investigated experimental domain rather than as general 
mechanistic models. For Pr, on the other hand, the lack of 

fit was not significant (p > 0.05), confirming the adequacy 
of the regression in this case. To further assess the overall 
quality of the models, residual analyses were performed.

Appendix Fig. 8(d–f) shows the residuals versus obser-
vation order, where only a slight trend can be noticed with-
out systematic bias (Nd). In addition, Appendix Fig. 8(a–c) 
indicates that the residuals were randomly distributed with 
approximately constant variance, fulfilling the assumption of 
homoscedasticity [37]. The corresponding residual plots for 
the other elements are provided in Appendix Fig. 9. Consid-
ering these diagnostics together with the high determination 
coefficients (R2 = 0.9951 [Nd] and 0.994 [Dy]) and the small 
residuals (< 5%), the models were deemed suitable for describ-
ing the leaching behavior of REEs.

From the regression analysis, the statistically significant 
parameters (p < 0.05) were identified and are summarized in 
Appendix Table 10. Only the terms meeting the significance 
criterion were considered in the construction of the polynomial 
regression models, which are presented in Eqs. 13, 14, 15, 
16, 17. Nonsignificant interaction and quadratic terms were 
excluded from the final models to avoid overparameterization 
and improve model interpretability. These factors were also 
highlighted in the Pareto charts for the REEs, shown in Appen-
dix Fig. 10, which provides a visual representation of the rela-
tive importance of each effect. The corresponding Pareto plots 
for the other elements (Fe, and B) are also provided in Appen-
dix Fig. 10.

Table 3   Leaching response of elements for each experiment

Variables Leaching (%)

EC pH Time (×1) S/L ratio (×2) Temperature 
(×3)

B Dy Fe Nd Pr

1 2.5 1 1/10 25 7.3 21.4 21.4 29.1 27.5
2 2.9 3 1/10 25 19.2 47.8 47.1 51.9 53.0
3 2.2 1 1/20 25 8.1 23.0 20.4 29.6 31.3
4 2.5 3 1/20 25 20.9 52.3 53.6 57.6 55.3
5 3.6 1 1/10 75 44.9 91.2 100.0 90.5 86.3
6 3.6 3 1/10 75 47.4 97.0 100.0 100.0 99.5
7 2.9 1 1/20 75 47.7 100.0 100.0 100.0 98.4
8 2.8 3 1/20 75 48.3 100.0 100.0 100.0 98.1
9 3.2 2 1/15 50 43.3 97.8 100.0 99.4 95.2
10 3.1 2 1/15 50 42.1 98.2 100.0 100.0 93.4
11 3.1 2 1/15 50 47.2 96.8 100.0 99.3 92.3
12 3.2 2 1/15 50 42.2 96.3 100.0 98.7 94.9
13 3.1 1 1/15 50 34.4 79.2 90.3 82.5 82.0
14 3.2 3 1/15 50 50.3 100.0 100.0 100.0 97.6
15 3.4 2 1/10 50 44.0 89.3 100.0 93.2 88.7
16 2.8 2 1/20 50 46.7 100.0 100.0 100.0 94.4
17 2.7 2 1/15 25 14.1 34.8 33.6 39.9 40.5
18 3.1 2 1/15 75 48.7 97.2 100.0 100.0 93.8
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All studied factors (time, S/L ratio, and temperature) are 
statistically significant for Nd, Pr, and Dy. The temperature 
(x3) exhibited the highest positive linear coefficient and 
the most negative quadratic coefficient. On the other hand, 
for Fe, B, and Co, only time and temperature significantly 

(13)
Nd(%) = 97.32 + 7.77x1 + 2.25x2 + 28.25x3 − 5.16x1x3 − 25.33x2

3
,

(14)
Pr(%) =92.4 + 7.79x1 + 2.25x2 + 26.84x3

− 1.89x1x2 − 4.57x1x3 − 23.76x2
3
,

(15)
Dy(%) = 95.18 + 8.24x1 + 2.88x2 + 30.61x3 − 6.23x1x3 − 27.1x2

3
,

(16)
Fe(%) = 98.88 + 6.86x1 + 32.38x3 − 7.36x1x3 − 30.96x2

3
,

(17)
B(%) = 43.94 + 4.38x1 + 16.73x3 − 2.7x1x3 − 12.75x2

3
.

influence their leaching efficiency. No two-way (x1x2 or 
x2x3) or three-way interactions (x1x2x3) were included in 
the regression model. This statistical behavior is consist-
ent with the literature [38], which also reported that the 
individual impacts of temperature and time are among the 
most dominant factors, while their mutual interactions with 
other parameters exert a comparatively smaller influence on 
leaching performance.

The analysis of the response surface plots (Fig. 4) pro-
vided a visualization of the interactions between time, S/L 
ratio, and temperature, and their impact on the leaching effi-
ciency. Based on the surface plots, temperature emerged as 
the most influential variable. The significant impact of this 
parameter explains the high leaching efficiencies achieved 
in this study, which contrast with results reported at room 
temperature, such as those by Romano et al. [30]. In their 
study, even with a higher acid concentration (3.0 mol 
L−1), the REE leaching was limited to 64.6% due to a high 

Fig. 4   Response surface plots for the leaching efficiency of Nd a 1 h, b 2 h, c 3 h; Pr d 1 h, e 2 h, f 3 h; Dy g 1 h, h 2 h, i 3 h
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dependence on the S/L ratio, a limitation that is overcome in 
the present study by increasing the temperature.

A trade-off between time and temperature was observed. 
Reducing the reaction time from 3 to 2 h requires a tempera-
ture increase to maintain near-complete solubilization. The 
influence of time was more pronounced at lower tempera-
tures. Furthermore, when operating at higher pulp densities 
(lower S/L ratios), longer reaction times were necessary to 
compensate for slower dissociation and reduced acid avail-
ability, respectively.

These results indicate that the optimal region is not 
restricted to a single condition but can be achieved through 
different combinations of time, temperature, and S/L ratio. 
The choice of operating conditions depends on the process 
objectives. If rapid leaching is required, higher temperatures 
are necessary to reach high leaching efficiencies in shorter 
reaction times. Conversely, when the goal is to minimize the 
S/L ratio, both temperature and time must be increased to 
compensate for the reduced acid availability.

Leaching efficiencies above 98% were achieved under 
several conditions, including 3 h, S/L of 1/13.3, 46 °C, and 
1 h, S/L of 1/14.2, 62 °C. These conditions confirm the flexi-
bility of the system and highlight the compensatory relation-
ships among the studied variables, allowing the process to 
be adjusted according to the desired operational constraints.

Nevertheless, since the S/L ratio did not influence the 
leaching of Fe and B, (Eqs. 16, 17), their response sur-
faces exhibited a different pattern. The surface plots for all 
S/L ratio levels presented a similar shape for the elements 
(Fig. 5). As observed for the REEs, temperature was also the 
most influential variable in the leaching process.

The leaching efficiency of Fe followed a similar trend to 
that of the REEs, increasing from approximately 50% at 25 
°C to nearly 100% at 46 °C. This behavior has been similarly 
reported in the literature for both mineral acids and organic 

acids [10, 28, 39]. The leaching of B also increased with 
temperature; however, its maximum leaching reached only 
52%, even under the higher conditions studied (3 h, S/L of 
1/20, 75 °C).

To validate the model, the condition of 2 h, S/L of 1/14.2, 
and 42 °C was randomly selected for experimental verifica-
tion. After performing the tests in triplicate, the experimen-
tal results showed good agreement with the model predic-
tions, as summarized in Appendix Table 11. The deviations 
between the predicted and experimental values were below 
5.1% for most elements, confirming the reliability of the 
model.

Purification

For the purification stage, the liquor obtained at 75 °C, S/L 
ratio of 1/10 for 3 h was used, as this condition is within 
the optimal region identified by the DoE. The choice was 
based on the prior experimental reliability of this condition, 
ensuring high solubilization of the elements of interest. The 
resulting leachate contained 6.65 g L−1 of REEs (0.046 mol 
L−1) and 14.88 g L−1 (0.18479 mol L−1) of contaminants, 
as shown in Table 4, and exhibited a pH of 3.1 ± 0.1 and a 
redox potential of 200 mV.

Solvent Extraction

Effect of  Extractant Concentration  The influence of 
D2EHPA concentration (diluted in Isopar-L) on the extrac-
tion of (Nd, Pr, and Dy) was investigated within the range 
of 0.05 to 0.5 mol L−1. To mitigate third-phase formation 
and optimize phase separation, TBP (3% v/v) was employed 
as a phase modifier [40]. The extraction percentages for 
the REEs and metallic impurities (Fe, Cu, Co, and B) are 
summarized in Table 5. Furthermore, the distribution coef-

Fig. 5   Response surface plots of a Fe and b B
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ficients and separation factors between the REEs and Fe are 
detailed in Appendix Table  5. The extraction mechanism 
using D2EHPA occurs predominantly through cationic ion 
exchange. In organic solutions containing aliphatic diluents, 
the extractant typically organizes into dimers, reacting with 
the metallic cation at the aqueous–organic interface [41]. 
The simplified stoichiometry of the extraction process can 
be expressed by Eq.  18, where M represents the metallic 
cation of valence n , ( HA)2 denotes the extractant dimer in 
the organic phase.

Table 5 demonstrates that increasing the D2EHPA con-
centration exerted a substantial effect on the recovery of Nd 
and Pr. Extraction efficiencies increased from 13.2% and 
20.6% to 95.9% and 95.4%, respectively, as the concentra-
tion increased from 0.05 mol L−1 to 0.5 mol L−1. This behav-
ior is attributed to the shift in chemical equilibrium (Eq. 18) 
toward the formation of the organometallic complex, driven 

(18)Mn+
(aq)

+ n(HA)2(org) ↔ MAn ⋅ nHAn(org) + nH+

(aq)
.

by the higher availability of the extractant's active sites. On 
the other hand, Dy extraction rates remained above 94.5% 
across all evaluated concentrations, demonstrating a distinct 
behavior compared with Nd and Pr. This high efficiency, 
even at low extractant concentrations, is attributed to the 
higher affinity of D2EHPA for heavy rare earth elements 
(HREEs) [42]. Due to the lanthanide contraction, Dy pos-
sesses a smaller ionic radius (1.027 Å) than Nd (1.109 Å) 
and Pr (1.126 Å), resulting in higher charge density and 
the formation of more stable complexes [43]. Additionally, 
the low initial Dy concentration (4.4 10−4 mol L−1) in the 
feed solution ensures that, even at 0.05 mol L−1, there is a 
stoichiometric excess of the extractant relative to this metal, 
allowing for high recovery rates regardless of the increase in 
D2EHPA concentration.

Concerning impurities, Fe exhibited a maximum extrac-
tion percentage of 30.1%. However, given the high initial 
concentration of this element in the feed solution, this per-
centage corresponds to a considerable mass co-extraction of 
approximately 4 g L−1. Co and B exhibited low extraction 
rates, reaching maximum values of only 0.3% and 5.9%, 
respectively, at a concentration of 0.5 mol L−1. This behavior 
is consistent with the selectivity of D2EHPA, which shows a 
higher affinity for trivalent cations (M3+), such as REEs and 
Fe, over divalent cations like Co2+ or nonionic B species [44, 
45]. In contrast, Cu displayed an inverse trend relative to the 
other elements: increasing the D2EHPA concentration from 
0.05 to 0.5 mol L−1 led to a reduction in extraction from 
86.1% to 70.3%. Although D2EHPA exhibits affinity for Cu 
at lower extractant concentrations, the increased loading of 
REEs (Nd and Pr) in the organic phase induced a crowding 
effect [46]. Due to the higher thermodynamic affinity of the 
extractant for trivalent lanthanide ions and the low initial Cu 
concentration (6.0 10−4 mol L−1), the REEs preferentially 

Table 4   Chemical composition of leach liquor

Concentration

Element [g L−1] [mol L−1]

Fe 14.37 2.6 10−1

Nd 4.96 3.4 10−2

Pr 1.62 1.2 10−2

Dy 0.07 4.4 10−4

B 0.22 2.0 10−2

Co 0.23 3.8 10−3

Cu 0.04 6.0 10−4

Ni 0.02 3.9 10−4

Table 5   Extraction percentages of REEs (Nd, Pr, Dy) and impurities (data represent the mean of experiments performed in triplicate: relative 
standard deviation < 0.5%)

Nd Pr Dy Fe Cu Co B pH

D2EHPA concentration 
(mol L−1)

0.5 95.9 95.4 99.2 30.1 70.3 0.3 5.9 2.8 ± 0.1
0.3 76.1 80.7 96.6 17.1 75.7 1.2 0.1 2.8 ± 0.1
0.1 41.6 36.1 98.4 18.8 78.1 1.0 0.6 2.9 ± 0.1
0.05 13.2 20.6 94.5 1.0 86.1 1.2 2.3 2.9 ± 0.1

A/O ratio 1.0 94.3 95.4 99.2 30.1 70.3 0.3 5.9 2.8 ± 0.1
1.5 85.0 87.4 97.8 24.6 41.6 ND 2.0 2.9 ± 0.1
2.0 75.7 77.7 96.4 16.7 30.6 ND 2.5 2.9 ± 0.1
2.5 62.5 65.6 94.2 11.0 25.6 ND 3.2 3.0 ± 0.1

Time (min) 5 95.9 96.9 100.0 23.1 61.3 ND 1.8 2.6 ± 0.1
10 94.3 95.4 99.2 30.1 70.3 0.3 5.9 2.8 ± 0.1
20 93.4 93.4 99.2 45.3 57.6 ND 1.3 2.8 ± 0.1
30 93.5 93.5 99.1 45.1 64.9 0.4 2.3 2.7± 0.1
60 90.0 92.2 98.7 52.8 53.3 0.1 1.8 2.8 ± 0.1
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displace Cu from the D2EHPA active sites as the system 
approaches organic phase saturation.

A comparative analysis between the extraction per-
centages (Table 5) and the separation factors (Appendix 
Table 12) reveals a trade-off between recovery and selec-
tivity. Although the 0.3 mol L−1 concentration yields the 
highest separation factors (βNd/Fe: 15.4 and βDy/Fe: 135.7), 
indicating a more selective process due to stoichiometric 
competition for D2EHPA active sites, the extraction effi-
ciency for Nd and Pr decreases to approximately 76–80%. 
In contrast, the 0.5 mol L−1 concentration was selected 
as the optimal condition for the extraction stage, as it 
maximizes the recovery of the target REEs (> 95%). The 
observed decrease in separation factors at this concentration 
is a consequence of the higher extractant availability, which 
facilitates a more pronounced co-extraction of Fe (30.1%). 
However, from a process engineering perspective, the high 
recovery achieved at 0.5 mol L−1 justifies its selection, since 
the final selectivity regarding Fe can be further refined in 
subsequent scrubbing stages of the loaded organic phase.

Effect of A/O Ratio  To optimize extractant consumption and 
evaluate the potential for metal enrichment in the organic 
phase, the effect of the A/O ratio was investigated, ranging 
from 1.0 to 2.5. For this study, the D2EHPA concentration 
was fixed at 0.5 mol L−1 (with 3% v/v TBP in Isopar-L), 
with a contact time of 10 min and an initial pH of 3.1. The 
extraction results are summarized in Table 5. A progressive 
decline in the extraction efficiency of Nd, Pr, Fe, and Cu 
was observed as the A/O ratio increased. For Nd and Pr, 
the extraction decreased by approximately 10% when shift-
ing the ratio from 1.0 to 1.5, reaching a sharp reduction 
of 30% at a ratio of 2.5. This phenomenon is attributed to 
the decreased availability of extractant active sites relative 
to the metal mass in the aqueous phase. As the A/O ratio 
increases, the organic phase volume decreases proportion-
ally, leading to premature saturation of the D2EHPA dimers 
and, consequently, reduced mass transfer [41, 47].

The lower extent of the reaction at higher A/O ratios is 
further supported by the equilibrium pH variation. Since the 
D2EHPA extraction mechanism is based on cation exchange 
(Eq. 18), the number of protons (H+) released into the aque-
ous phase is directly proportional to the amount of metal 

extracted [48]. At an A/O ratio of 1.0, where extraction was 
highest, the pH dropped from 3.1 to 2.7. Conversely, at a 
ratio of 2.5, the final pH was 3.0, indicating lower H+ lib-
eration and confirming the reduced process efficiency under 
conditions of organic phase volume restriction.

Consistently with theoretical expectations, the decrease 
in extraction efficiency as the A/O ratio increases is accom-
panied by a systematic decline in D and SFREE/Fe, as detailed 
in Appendix Table 12. The reduction in D values suggests 
that the organic phase approached its loading limit, thereby 
reducing the availability of free D2EHPA molecules for fur-
ther metal extraction. Furthermore, the reduction in selec-
tivity (D) indicates that, under high A/O ratio conditions, 
the competition for active sites becomes less favorable for 
separation, as the scarcity of available D2EHPA molecules 
reduces the discrimination between lanthanide ions and iron 
impurities.

Effect of  Time  To evaluate the kinetic behavior of the 
extraction process, contact time was investigated in the 
range of 5 to 30 min. The experimental conditions were 
maintained at a D2EHPA concentration of 0.5 mol L−1 (in 
Isopar-L with 3% v/v TBP), an A/O ratio of 1.0, and an ini-
tial pH of 3.1. The extraction percentages as a function of 
time are summarized in Table 5. The results indicate that the 
extraction kinetics for REEs are remarkably fast, reaching a 
near-equilibrium state within only 5 min. At this interval, 
extraction efficiencies reached 95.9% for Nd, 96.9% for Pr, 
and 100% for Dy. This rapid equilibrium is consistent with 
observations reported in the literature for organophosphorus 
extractants [32].

However, an increase in contact time led to a gradual 
decrease in the extraction of Nd, Pr, and Cu, whereas Fe 
extraction increased from 23.1% to 52.8%. This trend sug-
gests that while the extraction of Fe is kinetically slower than 
that of the REEs [49], it possesses a high thermodynamic 
affinity for the D2EHPA active sites. Consequently, as Fe 
extraction progresses over time, a crowding effect occurs, 
where Fe3+ ions preferentially displace previously extracted 
elements with lower affinity, such as Cu and fractions of 
Nd and Pr. The impurities Co and B remained largely unaf-
fected, maintaining extraction rates below 0.3% and 5.9%, 
respectively.

Table 6   Stripping efficiency of Nd, Pr, Dy, and impurities using HCl (0.1–0.7 mol L−1)*

* Data are presented as the mean of triplicate measurements, with a relative standard deviation (RSD) < 0.3%

Concentration (mol L−1) Nd Pr Dy Fe Cu Co B

0.1 31.6 36.3 4.4 0.1 62.7 36.2 35.6
0.3 83.4 84.7 16.0 0.1 99.9 35.3 43.4
0.5 96.0 97.3 46.0 0.2 100 36.3 40.4
0.7 98.9 97.8 75.2 0.5 100 39.3 42.4
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Based on the combined studies of extractant concentra-
tion, A/O ratio, and reaction time, the optimized condition 
for REE recovery was identified as 0.5 mol L−1, A/O 1.0, 
and 5 min. Nevertheless, to ensure system stability, data 
reproducibility, and to account for potential fluctuations 
in laboratory-scale mixing, a contact time of 10 min was 
selected for subsequent stages. It is worth noting that in a 
continuous industrial scale-up, where mass transfer equip-
ment (e.g., mixer-settlers or centrifugal extractors) might 
offer different efficiencies, this residence time could be fur-
ther reduced.

Following the extraction under the selected conditions, 
the resulting loaded organic phase contained Nd (4.961 g 
L−1), Pr (1.565 g L−1), Dy (0.071 g L−1), Fe (4.347 g L−1), 
Cu (0.018 g L−1), Co (0.001 g L−1), and B (0.011 g L−1). 
The high concentration of impurities in the organic phase 
confirms the necessity of a dedicated back-extraction stage 
to remove them before the final recovery of REEs.

Stripping  HCl was selected for the stripping stage, as it rep-
resents a well-established and industrially relevant approach 
for the separation and purification of REEs [50]. Stripping 
experiments were conducted with a 10-min contact time and 

an A/O ratio of 1.0, varying the HCl concentration from 0.1 
to 0.7 mol L−1. The stripping percentages are summarized 
in Table 6. The results demonstrate that the acidity of the 
aqueous phase is a critical factor in recovering the elements 
from the organic phase. By increasing the HCl concentra-
tion from 0.1 to 0.5 mol L−1, stripping efficiencies of 96.0% 
for Nd and 97.3% for Pr were achieved, with minimal Fe 
co-stripping (0.2%). However, under these conditions, only 
46.0% of Dy was recovered, highlighting the requirement for 
higher acidity to displace this element from the organome-
tallic complex [51]. At an HCl concentration of 0.7 mol L−1, 
the stripping efficiencies for Nd and Pr further increased, 
while Dy recovery reached 75.2%. Consistent with the find-
ings in the extraction stage, the smaller ionic radius of Dy 
is the governing factor: its higher charge density results in 
a superior thermodynamic affinity for the organic phase 
(D2EHPA), making it more resistant to stripping than light 
lanthanides (Nd and Pr).

Table 6 also shows the stripping of impurities such as 
Cu, Co, and B. Despite high stripping efficiencies (up to 
100%), their low initial concentrations in the organic phase 
ensure they do not significantly interfere with the final prod-
uct's purity. After stripping with 0.7 mol L−1 HCl, the final 
aqueous solution concentrations were as follows: 4.906 g 
L−1 Nd; 1.531 g L−1 Pr; 0.053 g L−1 Dy; 0.022 g L−1 Fe; 
0.018 g L−1 Cu; < 0.001 g L−1 Co; and 0.005 g L−1 B. 
These results led to a rare earth product with a final purity 
of 99.3%.

Despite achieving a high final purity of 99.3%, the indus-
trial implementation of the D2EHPA-based SX route pre-
sents significant technical hurdles that must be addressed. 
The most prominent operational challenge is the co-extrac-
tion of Fe. Due to the formation of highly stable thermody-
namic complexes between Fe3+ and the D2EHPA dimers 

Fig. 6   XRD pattern of Nd oxa-
lates resulting from the addition 
of H2O2 to citric acid liquor

Table 7   Overall REE recovery throughout the recycling routes based 
on the processing of 1 tonne of NdFeB magnets

Recovery (%)

Stage Nd Pr Dy

After pretreatment 99.7 99.7 99.7
After leaching 99.7 98.7 96.7
SX route 93.0 92.0 72.0
Oxidative precipitation route 94.5 92.7 96.7
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[52], removing this contaminant from the organic phase is 
notoriously difficult, a phenomenon widely recognized in 
the literature [53, 54]. Preliminary scrubbing trials indicated 
that effective iron removal requires high acidity levels (e.g., 
5.0 mol L−1 HCl). However, such aggressive conditions pose 

a risk of hydrolytic degradation of the extractant over multi-
ple cycles [55]. Given that D2EHPA is a high-value reagent 
designed for long-term regeneration and reuse, maintaining 
its chemical stability is a critical factor for the overall eco-
nomic feasibility of the process.

Fig. 7   Speciation diagram of 
citric acid showing the distribu-
tion of protonated and deproto-
nated species as a function of 
pH at 25 °C [64]

Fig. 8   Residual plots for the regression models: residuals versus observation order for a Nd, b Pr, and c Dy, and residuals versus fitted values for 
d Nd, e Pr, and f Dy
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Fig. 9   Residual plots for the 
regression models: residuals 
versus observation order for a 
Fe and b B, and residuals versus 
fitted values for c Fe and d B

Fig. 10   Pareto charts of standardized effects for the regression models of a Nd, b Pr, c Dy, d Fe, and e B
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Precipitation

The separation of the REEs present in the leach liquor was 
evaluated through selective precipitation using H2O2. The 
experiments resulted in high REE precipitation efficiencies: 
94.8 ± 1.0% Nd, 93.0 ± 0.8% Pr, and 96.9 ± 1.0% Dy, along 
with 2.8% of Fe and 21.4% of Cu. This observation supports 
the hypothesis that H2O2 initiates an in situ Fenton-like reac-
tion, catalyzed by the Fe ions inherent to the leachate solution 
[56]. As an advanced oxidation process (AOP), the Fenton 
mechanism, summarized in Eqs. 19–20, involves the reaction 
of H2O2 with Fe2+ to generate hydroxyl radicals ( ⋅OH ), highly 
reactive species capable of the nonselective oxidative degrada-
tion of organic compounds [57, 58].

This process facilitates the breakdown of larger citric acid 
molecules into shorter-chain organic acids, most notably oxalic 
acid [58]. This pathway proceeds through a series of multi-
step reactions involving sequential decarboxylation and the 
cleavage of carbon–carbon bonds [59]. In other words, it trans-
forms the tricarboxylic acid structure into smaller dicarboxylic 
intermediates, as represented by the simplified overall reaction 
(Eq. 21). The formation of these oxalate ions subsequently 
drives the selective precipitation of REEs, as can be seen in 
Eq. 22 [60]. This proposed mechanism was confirmed by XRD 
analysis (Fig. 6), which identified the collected solid as a Nd 
oxalate phase (Nd2(C2O4)3⋅10H2O).

Furthermore, the minimal Fe precipitation (~ 2.8%) con-
firms that iron remains predominantly in the aqueous phase. 
According to the literature, the oxidation state is critical for 
selectivity [61]. If Fe were present as Fe2+, it would eventu-
ally precipitate in the form of Fe(II) oxalate once the satura-
tion limit was reached. In contrast, as Fe is present as Fe+3, 
oxalic acid deactivates the Fe cations through the formation 

(19)Fe2+ + H2O2 → Fe3+ + ⋅OH + OH−,

(20)Fe3+ + H2O2 → Fe2+ + HO2 ⋅ +H
+,

(21)
⋅OH + C6H8O7 → C2H2O4 + CO2 + H2O + subproducts,

(22)
3C2H2O4 + 2RE3+ + 10H2O ↔ Re2(C2O4)3 ⋅ 10H2O(s) + 6H+.

of complexes in the coordination sphere, such as [Fe(C2O4)]+, 
[Fe(C2O4)2]−, and [Fe(C2O4)3]3− (Eqs. 23–25, Klemettinen 
et al., 2023). Consequently, Fe is left in the solution as a solu-
ble complex.

Regarding the minor elements, although 21.4% of the Cu 
was co-precipitated, its impact on the final product purity 
is negligible, given that Cu represents only 0.18% (0.04 g 
L−1) of the initial metal concentration. The partial precipi-
tation of Cu can be explained by the equilibrium between 
the deposition of Cu oxalate (CuC2O4) and the formation 
of soluble  oxalatocuprate(II) complexes (Eq. 26, 27, [61]). 
Based on the co-precipitation of B, Fe, and Cu, the purity 
of the recovered REE oxalate was determined to be 95.7%. 
Moreover, while the citric acid is converted into oxalate dur-
ing the process, the remaining solution, rich in stable Fe(III) 
oxalate complexes, holds potential for valorization. Instead 
of being treated as waste, this effluent can serve as a precur-
sor for lithium-iron-phosphate (LFP) battery materials or 
as a catalyst for AOPs, contributing to a more circular and 
sustainable recovery chain [62, 63].

Overall Process Evaluation and Mass Balance

To evaluate the overall performance of the proposed 
recovery routes, a process mass balance was established 
considering the treatment of 1 tonne of NdFeB magnets. 
The material flow was evaluated from pretreatment to the 
final purification stage, considering the recovery of the 
main REEs and the losses occurring throughout the pro-
cess. The physical pretreatment steps resulted in a mass 

(23)C2O
2−
4(aq)

+ Fe3+
(aq)

↔ [Fe(C2O4)]
+

(aq)
,

(24)[Fe(C2O4)]
+

(aq)
+ C2O

2−
4(aq)

↔ [Fe(C2O4)2]
−,

(25)[Fe(C2O4)2]
− + C2O

2−
4(aq)

↔ [Fe(C2O4)3]
3−,

(26)C2O
2−
4(aq)

+ Cu2+
(aq)

↔ CuC2O4(s),

(27)CuC2O4(s) + C2O
2−
4(aq)

↔ Cu(C2O4)
2−
2(aq)

.
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loss of 0.32% (3.2 kg), corresponding to approximately 
0.89 kg of REEs. After leaching under the optimized 
citric acid conditions (S/L ratio of 1/15, 75 °C, 3 h, and 
1.5 mol L−1 citric acid), the recovery efficiencies reached 
100% Nd, 99% Pr, and 97% Dy.

The purification strategies showed different recovery behav-
iors. The SX route using 0.5 mol L−1 D2EHPA followed by 
stripping with 0.7 mol L−1 HCl resulted in recoveries of 93% 
Nd, 92% Pr, and 72% Dy, achieving a final purity of 99.6%. The 
lower Dy recovery was associated with its stronger affinity for 
the D2EHPA phase, which limited its stripping efficiency. The 
oxidative precipitation route provided recoveries of 94.5% Nd, 
92.7% Pr, and 96.7% Dy, demonstrating improved Dy retention 
compared with solvent extraction, although with lower product 
purity (95.7%). The overall REE recoveries obtained for each 
purification route are summarized in Table 7.

Conclusion

This study evaluated the leaching behavior of Nd, Pr, and 
Dy from NdFeB magnets using different organic acids. It 
demonstrated that citric acid is the most effective under the 
investigated conditions. After identifying the most suit-
able reagent, a DoE approach was applied to optimize the 
process. The optimization revealed that the leaching effi-
ciency of citric acid can be achieved within a multidimen-
sional operational window, rather than a single optimum. 

Depending on process priorities, high efficiencies may be 
obtained either by using elevated temperatures for rapid 
leaching or by increasing both time and temperature to com-
pensate for lower S/L ratios.

Two purification strategies for REEs recovered from citric 
acid leachates were evaluated. SX using D2EHPA enabled 
high recovery of Nd and Pr, while Dy extraction was effec-
tive but its recovery was limited during the stripping stage, 
resulting in a REE-rich product containing 99.6% REEs. 
However, its application is associated with well-known limi-
tations reported in the literature, particularly Fe co-extrac-
tion and the need for highly acidic scrubbing conditions. As 
an alternative, an oxidative precipitation route based on the 
in situ formation of oxalic acid via an Fe-catalyzed AOP 
yielded a mixed REE oxalate precipitate containing 95.7% 
REEs through a less complex purification approach. The 
choice between SX and oxidative precipitation, therefore, 
represents a trade-off between higher REE concentration and 
process simplicity, with both routes demonstrating potential 
for REE purification from citric acid leachates.

Appendix

Tables 8, 9, 10, 11, 12 and Figs. 7,  8, 9, 10..

Table 8   Experimental matrix of the face-centered cubic design with three factors at three levels

Variables Real variables

Experiment code Order ×1 ×2 ×3 Time (h) S/L ratio Tem-
perature 
(°C)

1 14 −1 −1 −1 1 1/10 25
2 16 1 −1 −1 3 1/10 25
3 12 −1 1 −1 1 1/20 25
4 8 1 1 −1 3 1/20 25
5 5 −1 −1 1 1 1/10 75
6 15 1 −1 1 3 1/10 75
7 9 −1 1 1 1 1/20 75
8 13 1 1 1 3 1/20 75
9 3 0 0 0 2 1/15 50
10 18 0 0 0 2 1/15 50
11 7 0 0 0 2 1/15 50
12 4 0 0 0 2 1/15 50
13 2 −1 0 0 1 1/15 50
14 11 1 0 0 3 1/15 50
15 10 0 −1 0 2 1/10 50
16 17 0 1 0 2 1/20 50
17 1 0 0 −1 2 1/15 25
18 6 0 0 1 2 1/15 75
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Table 9   Summary of regression and ANOVA of the fitted model results for the elements

Y R2 Source Degrees of 
freedom

Sum of squares Mean square F-value ρ-value

Nd Regression 10 12,109.3 1210.9 143.6 0.0000004
Residual 7 59.0 8.4 – –

0.9951 Lack of fit 4 58.2 14.6 53.0 0.004
Pure error 3 0.8 0.3 – –
Total 17 12,168.3 – – –

Pr Regression 10 10,629.0 1062.9 240.8 0.0000001
Residual 7 30.9 4.4 – –

0.9971 Lack of fit 4 25.5 6.4 3.5 0.17
Pure error 3 5.5 1.8 – –
Total 17 10,659.9 – – –

Dy Regression 10 14,025.1 1402.5 129.8 0.0000001
Residual 7 75.6 10.8 – –

0.9946 Lack of fit 4 73.3 18.3 23.3 0.01
Pure error 3 2.4 0.8 – –
Total 17 14,100.8 – – –

Fe Regression 10 15,752.3 1575.2 429.2 0.00000001
Residual 7 25.7 3.7 – –

0.9984 Lack of fit – – – – –
Pure error – – – –
Total 17 15,778.0 – – –

B Regression 10 3833.8 383.4 51.5 0.00001
Residual 7 52.1 7.4 – –

0.9866 Lack of fit 4 34.5 8.6 1.5 0.4
Pure error 3 17.6 5.9 – –
Total 17 3885.9 – – –
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Table 10   Statistically significant model terms identified by regression analysis

Element Effect Coefficient Standard error t statistic p-value

Nd Intercept 97.32 1.14 85.19 8.08E−12
x1 7.77 0.92 8.46 6.35E−05
x2 2.25 0.92 2.45 4.38E−02
x3 28.25 0.92 30.76 9.90E−09
x1x3 −5.16 1.03 −5.03 1.51E−03
x3

2 −25.33 1.76 −14.36 1.89E−06
Pr Intercept 92.40 0.83 111.78 1.21E−12

x1 7.79 0.66 11.72 7.44E−06
x2 2.25 0.66 3.39 1.16E−02
x3 26.84 0.66 40.39 1.49E−09
x1x2 −1.89 0.74 −2.54 3.86E−02
x3

2 −23.76 1.28 −18.61 3.21E−07
Dy Intercept 95.18 1.29 73.60 2.25E−11

x1 8.24 1.04 7.93 9.68E−05
x2 2.88 1.04 2.77 2.79E−02
x3 30.61 1.04 29.44 1.34E−08
x1x3 −6.23 1.16 −5.36 1.05E−03
x3

2 −27.10 2.00 −13.57 2.77E−06
Fe Intercept 98.88 0.75 131.19 3.94E−13

x1 6.86 0.61 11.32 9.38E−06
x2 32.38 0.61 53.45 2.10E−10
x1x3 −7.36 0.68 −10.87 1.23E−05
x3

2 −30.96 1.16 −26.60 2.72E−08
B Intercept 43.94 1.07 40.96 1.35E−09

x1 4.38 0.86 5.07 1.44E−03
x3 16.73 0.86 19.40 2.41E−07
x1x3 −2.70 0.96 −2.80 2.64E−02
x3

2 −12.75 1.66 −7.70 1.16E−04

Table 11   Model validation through comparison of experimental and predicted leaching efficiencies

Nd (%) Pr (%) Dy (%) Fe (%) B (%)

Experimental 88.0 ±0.6 81.9 ±0.1 85.1 ±1.0 94.0 ±0.2 37.3 ±0.1
Concentration 2462.5 ±200 783.0 ±22.0 35.0 ±0.5 7406.6 ±150 92.8 ±1.9
Model 85 80 81 93 37
Error 3.5 2.4 5.1 1.1 0.8
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